The rhabdoviruses form a large family (Rhabdoviridae) whose host ranges include humans, other vertebrates, invertebrates, and plants. There are at least 90 plant-infecting rhabdoviruses, several of which are economically important pathogens of various crops. All definitive plant-infecting and many vertebrate-infecting rhabdoviruses are persistently transmitted by insect vectors, and a few putative plant rhabdoviruses are transmitted by mites. Plant rhabdoviruses replicate in their plant and arthropod hosts, and transmission by vectors is highly specific, with each virus species transmitted by one or a few related insect species, mainly aphids, leafhoppers, or planthoppers. Here, we provide an overview of plant rhabdovirus interactions with their insect hosts and of how these interactions compare with those of vertebrate-infecting viruses and with the Sigma rhabdovirus that infects Drosophila flies. We focus on cellular and molecular aspects of vector/host specificity, transmission barriers, and virus receptors in the vectors. In addition, we briefly discuss recent advances in understanding rhabdovirus-plant interactions. 
INTRODUCTION
Rhabdoviruses (Rhabdoviridae) are membranebound, negative-sense RNA viruses that infect vastly divergent hosts. More than 160 species of rhabdoviruses have been described, many of which are a threat to human, animal, or plant health (29, 43, 44) . The family Rhabdoviridae includes six genera (29), with members of each genus infecting one or two groups of organisms. Phylogenetic analysis of rhabdoviruses based on the most conserved polymerase (L) gene indicates that the plant-infecting genera, Nucleorhabdovirus and Cytorhabdovirus, cluster together and infect plants and vector insects, whereas the genera Lyssavirus, Ephemerovirus, and Vesiculovirus group together and infect mainly vertebrate animals (Supplemental Figure 1 ; follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org). The last two genera were assigned to the dimarhabdovirus (dipteran-mammal associated rhabdovirus) supergroup because they cluster separately from the lyssaviruses and are transmitted to their vertebrate hosts by hematophagous dipteran insects. The L gene sequence is not yet available for the Drosophila-infecting rhabdovirus, Sigma virus (SiV). However, on the basis of phylogenetic relationships of other less conserved genes, SiV appears to be closest to the dimarhabdoviruses, and although the branches are not well supported (29), this is consistent with SiV biological characteristics because it also has a dipteran host. The genus Novirhabdovirus forms a separate cluster, the members of which infect only aquatic animals.
Rhabdoviruses can negatively affect humans and wild animals and reduce yields in livestock and crop production systems. For example, Rabies virus (RV) kills approximately 55,000 people each year, mostly in poor areas of Africa and Asia (10) , whereas vesiculoviruses and ephemeroviruses can cause severe production losses in the livestock industry (29, 66) . In addition, at least 90 confirmed or tentative plant rhabdoviruses infect mono-and dicotyledonous plants (43, 44) . Serious yield losses have been associated with Maize mosaic virus (MMV), Lettuce necrotic yellows virus (LNYV), Strawberry crinkle virus (SCV), and Orchid fleck virus (OFV) (44, 71) , among others.
Plant rhabdoviruses require insect or mite vectors for their transmission and spread in nature; these viruses are not seed transmitted, and most are not easily transmitted mechanically to their host plants (37, 44) . The definitive plant rhabdoviruses with known vectors (Table 1) are transmitted by hemipteran insects, namely aphids (Aphididae), leafhoppers (Cicadellidae), or delphacid planthoppers (Delphacidae) in a persistent-propagative mode: Following virus acquisition from diseased plants, a latent period ensues (for a few days to a few weeks) during which the virus replicates in the vector, which later becomes inoculative with virus for most of its remaining life span (8, 38, 44, 91) . Some putative plant rhabdoviruses have other arthropod vectors: Beet leaf curl virus is transmitted by a heteropteran bug (Piesma quadratum), and OFV, Citrus leprosis virus, and Coffee ringspot virus are transmitted by Brevipalpus spp. mites (Acarina) (16, 43) . Mite-vectored rhabdoviruses are similarly transmitted in a persistent, possibly propagative, mode by their vectors (77) . A few plant rhabdoviruses are transmitted vertically, i.e., transovarially from infected female vectors to their progeny, normally at a low rate (91) .
Plant and animal (vertebrate-infecting) rhabdoviruses share several characteristic features. Their genomes have similar organizations (29) (Supplemental Figure 2) , they both replicate in and invade the nervous system of their insect hosts (6, 38, 44, 91) , and rhabdovirus gene function is generally conserved among different viruses (29). Furthermore, the vesiculovirus Vesicular stomatitis virus (VSV) was reported to replicate in the planthopper vector of MMV (50) as well as in grasshoppers, with the latter possibly playing a role in VSV epidemiology in nature (66) . The invertebrates might be viewed as the key to evolution and diversity of the rhabdoviruses, as suggested by Sylvester & Richardson (91) , because they constitute a -, indicates that no vector has been identified.
common host for both plant-and vertebrateinfecting rhabdoviruses. Several recent reviews of plant rhabdoviruses have focused on their molecular biology and plant-host interactions (43, 44, 71) . This review summarizes current knowledge on transmission barriers of plant rhabdoviruses in insect vectors and molecular determinants of vector specificity, in comparison with the Drosophila-infecting SiV, and where possible we make comparisons with vertebrate-infecting viruses. By reviewing the current aspects of rhabdovirus-vector interactions, we hope to Vector specificity/ vector competence: the comparative ability of certain species, biotypes, or lines of insect vectors to transmit a certain virus shed light on the remaining mysteries of these interactions and provide suggestions for future studies.
GENOME ORGANIZATION AND GENE FUNCTION IN RHABDOVIRUSES
Rhabdoviruses have monocistronic negativesense RNA genomes (29), except for OFV, whose genome consists of two single-stranded, negative-sense RNA molecules (48) (Supplemental Figure 2 ). The gene orders on the G protein: glycoprotein positive-sense (antigenomic) RNA strands are 5 N-P-M-G-L 3 , in which N encodes the nucleocapsid protein, P the phosphoprotein, M the matrix protein, G the glycoprotein, and L the RNA-dependent RNA polymerase. The N, P, M and G proteins show little conservation among the rhabdoviruses, although they have similar biological functions in their hosts (55) . The N proteins function in the encapsidation of the viral genomic RNA and are part of viroplasms and polymerase complexes (55) . The P proteins play key roles in replication by interaction with N and L, suppression of gene silencing, and intercellular movement of N and L (43, 44) . The M protein functions during virus morphogenesis by mediating membranelipid interactions with the G protein and is involved in the shut down of host gene expression and interacts with mitochondria (43, 45) . The large L protein is capable of mRNA transcription and antigenomic and genomic RNA replication. The G protein is exposed to the surfaces of virus particles and is crucial for gaining entry into the cytoplasm of host cells through receptor binding and the subsequent initiation of virus-induced membrane fusion (17) .
All plant rhabdoviruses contain at least one additional gene between P and M (Supplemental Figure 2 ). Sc4 of Sonchus yellow net virus (SYNV), 4b of LNYV, 3 of MMV and Rice yellow stunt virus (RYSV), and 4 of Maize fine streak virus (MFSV) are likely to function in cell-to-cell movement in plants based on structural similarities to the Tobacco mosaic virus (TMV) 30 K superfamily of cell-to-cell movement proteins and functional analyses of RYSV protein 3 (43, 44) . Some viruses also contain short open reading frames between the G and L genes (Supplemental Figure 2) . Of these, RYSV 6 is incorporated into virus particles and is produced during infection of the insect vector but not in plants, suggesting a role of this protein in invasion of insect tissues (43, 44) . The molecular steps necessary for assembly of rhabdoviruses, particularly VSV, in vertebrate and insect tissues have been reviewed by Jayakar et al. (45) .
CELLULAR INTERACTIONS OF PLANT RHABDOVIRUSES AND TRANSMISSION BARRIERS IN THEIR VECTORS
Rhabdoviruses replicate in and systemically invade their plant and animal hosts (Figure 1 and Figure 2 ). They have bacilliform or bulletshaped virions with a host-derived envelope (43, 44) (Figure 1a) . The two genera of plant rhabdoviruses, Cytorhabdovirus and Nucleorhabdovirus, have been classified according to their morphogenesis in host cells. In plant and insect cells, the cytorhabdoviruses, such as LNYV, appear to mature similarly to the vertebrateinfecting rhabdoviruses, as they bud through cytoplasmic membranes, i.e., the endoplasmic reticulum and associated cytoplasmic cisternae where mature particles accumulate (19, 44, 91) . In contrast, nucleorhabdoviruses, such as MMV and SYNV, multiply in plant cell nuclei; their virions mature by budding through the inner nuclear membrane and accumulate in perinuclear space between the inner and outer nuclear envelope (Figure 1a) . In the insect host, however, nucleorhabdoviruses bud on both nuclear and cytoplasmic membranes (7) (Figure 1b,e, f ) .
A high degree of vector specificity has been reported for plant rhabdoviruses, with most of them transmitted naturally by one or only a few closely related insect species ( Table 1) . Additionally, within the same insect species, some races/biotypes may be more efficient vectors than others, and also within some virus species some strains are more efficiently transmitted than others by the same vector (3, 8, 91) . Genetic experiments with Potato yellow dwarf virus (PYDV) have shown that highly efficient and inefficient leafhopper vectors can be selected by breeding (44) .
The vector specificity and vector competence observed for many rhabdoviruses may be partly explained by transmission barriers in insects. For a persistent-propagative virus to be transmitted by an insect vector, following ingestion during feeding on a diseased host, the virus must first infect epithelial cells of the Immunofluorescence localization of some rhabdoviruses in their plant or insect hosts; plant sections (a and b) and insect organs (c-h) were incubated with virus-specific antibodies, then with a secondary antibody conjugated to Alexa Fluor 488 ( green), the nuclear stain propidium iodide (red ), and (in panels c-h) with an actin stain, Phalloidin (blue/purple). alimentary canal, exit/escape this tissue, and move to the salivary glands, and then it must finally be ejected with the salivary secretions during insect feeding on a susceptible host (Figure 2 and Figure 3) . The inability of an insect to transmit a virus could thus be due to failure of the virus to enter, replicate in, move between, or escape from insect cells, organs, or organelles, and each of these features may be interdicted by innate defense response to virus invasion of the vector (3, 35, 44, 83) . The following is a comparison of transmission barriers in vectors of plant rhabdoviruses with barriers for other propagative plant and animal viruses.
Midgut Infection and Escape Barriers
Among the rhabdovirus vectors, there is great diversity in the gross morphology of the gut. For example, the leafhoppers possess a filter chamber (Figure 2f and Figure 3a ) that is lacking in aphids, planthoppers, and dipterans, and the planthoppers uniquely possess an anterior diverticulum (Figure 1c, Figure 2c , and Figure 3b ), which is essentially a narrower, blind-ended, anterior extension of the midgut (2). The basic midgut ultrastructure, however, is similar in various insect groups (15) . The midgut consists mainly of a single layer of epithelial cells, with extensive microvilli on the inner (lumen) side and highly invaginated basal plasma membrane on the outer side, covered with the basal lamina surrounded by muscle fibers (Figure 1b-d ). In Hemiptera, the midgut lumen is lined with a multilayer of laminae (Figure 1c,d ) that is probably analogous to the peritrophic envelope/matrix found in Diptera and other insects. The peritrophic matrix is a semipermeable extracellular chitinand protein-containing layer produced by the midgut epithelium and apparently protects the gut microvilli from food material and from invasion by viral or bacterial pathogens (15) . Thus, the peritrophic envelope/laminae, not the midgut microvilli, are likely to be the first barrier that circulative/propagative viruses must cross to infect the midgut. This may partly explain the frequently observed phenomenon that several propagative viruses are transmitted more efficiently by younger insects, in which this envelope is thinner or not fully developed (15) rayado fino virus (Marafivirus), respectively, than are the adults of these species (63) . The existence of a midgut infection or midgut escape barrier has been indirectly demonstrated with some plant rhabdoviruses. Intrathoracic injection of MMV or Maize Iranian mosaic virus (MIMV) in planthoppers and SCV in aphids resulted in a much higher proportion of infected individuals than when insects acquired virus by feeding on diseased plants (5, 25, 91) . Direct evidence of midgut infection, midgut escape, and salivary gland infection barriers for MMV in P. maidis has been obtained using immunofluorescence microscopy of dissected insect organs (6) (Figure 2c-e) . Following a 1-to 3-week acquisition access period on diseased plants, only 28% of P. maidis had infected midguts, and a significantly lower proportion (20%) had infected salivary glands. The proportion of infected guts was significantly higher following 3-week acquisition (35%), compared with that following 1-week acquisition (24%), which suggests that midgut infection with MMV may be dose dependent. However, even after the prolonged (3 week) feeding on MMV-infected plants, almost two-thirds of the planthopper population tested appeared to resist MMV infection at the midgut infection level. The ability of P. maidis to transmit MMV seems to be a genetic trait. A Hawaiian biotype of P. maidis transmitted MMV at almost twice the rate as that of a Florida biotype under similar conditions (4) . Midgut infection and escape barriers have been also demonstrated for some other plant and animal viruses including VSV in black flies (3, 8, 35, 37, 39) . Several hypotheses have been proposed to explain the midgut infection barrier to propagative viruses in their vectors (35). These include inactivation of virus by digestive enzymes in the midgut lumen, occlusion of virus by the peritrophic envelope, absence or reduced number of cellular receptor sites of virus attachment on the microvillar membrane, and/or abortive replication of virus in midgut epithelial cells. In addition, we propose that some insects may resist infection because of a specific innate immune response to the virus, On the basis of studies of animal and plant virus infection of insect cell monolayers, rhabdoviruses are presumed to enter epithelial cells of the midgut by receptor-mediated endocytosis (44) . An electron microscopic study of VSV indicated that virions enter vertebrate and insect cell lines through coated pits and coated vesicles (90) . Also, inhibition of PYDV infection of vector cell monolayers by some lysosomotropic agents suggested that PYDV enters these cells by adsorptive endocytosis (1) . Although the virus glycoprotein (G protein) seems to be involved in this process (30), the entry mechanism of rhabdoviruses into the gut cells of their vectors has not been fully described.
Dissemination of Virus from the Midgut into Other Tissues
For circulative/propagative transmission of plant and animal viruses, the virus infection must spread from the alimentary canal to other organs, most importantly the salivary glands. It has been generally assumed that virus is disseminated from the midgut into other tissues of the vector through the hemolymph. This belief is based mainly on experiments in which such viruses can be transmitted by their vectors following injection of virus extracts into their hemocoel (body cavity). However, Hardy (35) noted that the pore size of the (mosquito) midgut basal lamina is approximately 10 nm, and this is much smaller than virions of most arboviruses including rhabdoviruses. Thus, although the hemolymph route (Figure 3a) has not been thoroughly investigated or ruled out, the basal lamina between the midgut and the hemolymph (Figure 1b,c) seems to be a substantial barrier to this route.
Recent investigations on plant and animal viruses indicate that other possible routes exist, especially through neural, tracheal, or muscle tissues, for virus movement from the vector's midgut into the salivary glands. In insects, including hemipterans and dipterans, the gut epithelia are surrounded by visceral muscles (Figure 1b,c) and are closely associated with the tracheal system. Muscles of the foregut and anterior midgut are innervated principally from the stomatogastric nervous system (15) .
Spatial and temporal distribution of VSV in orally infected midges (Culicoides sonorensis) was studied by Drolet et al. (23), who indicated that the circulation of VSV in the hemolymph by day 3 post-acquisition coincided with infection of several tissues including the salivary glands and nerve ganglia. Neural infections were detected in the subabdominal ganglia innervating the midgut in 33% of insects 1 day post-acquisition in the absence of positive staining in the hemolymph or surrounding tissues. Thus, the authors suggested a retrograde axonal transport infection route for these ganglia from the midgut, similar to that previously reported for VSV in the mouse brain. Because a lower proportion of insects had virus in the nerve ganglia than in salivary glands, they concluded that infection of the nerve ganglia from surrounding cells and tissues is not efficient and that the hemolymph was the likely source of virus for infecting the salivary glands. However, RV reaches the salivary glands of its vertebrate hosts and vectors through invasion of the nervous system (21). Following oral acquisition of MMV from infected plants, the virus moves from the anterior part of the midgut to the anterior diverticulum and the esophagus, and from these to the compound ganglion, then through nerves to the principal salivary glands (modified from Reference 6).
TSWV: Tomato spotted wilt virus
A recent study of the temporal and spatial distribution of MMV in its planthopper vector was conducted by Ammar & Hogenhout (6) . Following a 1-week acquisition feeding period of P. maidis on infected plants, the first infection sites were epithelial cells of the anterior part of the midgut and the anterior diverticulum (Figure 2c) . Subsequently MMV spread to the esophagus, nerve cord and nerve ganglia at least one week before being detected in the hemocytes, tracheae, salivary glands, or other tissues of P. maidis (Figure 2c-e) . MMV is neurotropic in its insect host, with more extensive infection detected in the nervous system than in other tissues. Neural tissues infected with MMV in P. maidis included brain, compound ganglion (amalgamated mesothoracic, metathoracic, and abdominal ganglia), and compound eye cells. In this vector, as in other planthoppers, the esophagus and anterior diverticulum are sandwiched between the compound ganglion and the salivary glands (2) . On the basis of the above results, the authors postulated that MMV may overcome midgut escape or salivary gland infection barriers in P. maidis by proceeding from the anterior midgut to the anterior diverticulum and esophagus, and from these to the salivary glands via the nervous system (Figure 3b) . However, other possible routes including the hemolymph, as suggested for VSV in its dipteran host (23), may play a role in dissemination of MMV from the midgut to other tissues. With another enveloped virus, Rift Valley fever virus (Bunyaviridae), the foregut/anterior midgut junction, which is also extensively infected with MMV in P. maidis (Figure 2c) , is the site where virus apparently is disseminated into the hemocoel of the mosquito Culex pipiens (78) .
Other proposed dissemination routes for propagative plant and animal viruses in their vectors are the tracheal system and the visceral muscles associated with the insect midgut. Results by Romoser et al. (79) , with Venezuelan equine encephalitis virus (Togaviridae) in mosquitoes, indicated the operation of tissue conduits, possibly involving tracheae and visceral muscles, that facilitate virus movement through the basal lamina of the midgut. Ultrastructural studies of the mosquito midgut revealed evidence for possible complete penetration of the basal lamina by tracheal cells and regions of modified basal lamina associated with visceral muscles. Muscle fibers supplied with tracheae and nerve axons were also found in various lobes of the salivary glands of P. maidis (2) . These provide potential routes for movement of virus from the midgut to the salivary glands. Another enveloped virus, Tomato spotted wilt virus (TSWV, Bunyaviridae), infects visceral muscles of the midgut and foregut of the thrips vector, and the ligaments connecting the anterior midgut with the salivary glands were suggested as a possible dissemination route for TSWV in its vector (62) . In addition, the tracheal system is a major conduit for the spread of some other viruses that replicate in insects, e.g., baculoviruses in the larvae of Trichoplusia ni (24).
Salivary Gland Infection and Escape Barriers
Morphological, physiological, and chemical differences in the salivary glands or salivary secretions of arthropods are potential factors that might explain the salivary gland infection and escape barriers reported for some propagative plant and animal viruses in their vectors (2, 6, 8, 35 ). In addition, as discussed for the midgut, the basal laminae of the salivary gland must be breached by the virus for successful transmission to occur. The mechanism(s) used by viruses for overcoming this barrier to enter the salivary glands is not well documented, but the neural and tracheal systems are also good candidates for such mechanisms (6, 35, 62) . After invading and replicating in the salivary glands, the last physical barrier that a virus must cross, to escape the salivary gland cells and enter into the saliva for introduction into plants during insect feeding, is the plasma membrane of the salivary gland secretory cells (Figure 1f ) . A salivary gland escape barrier has not been explicitly reported for plant rhabdoviruses but has been demonstrated for several other propagative viruses in their vectors. With La Crosse virus (Bunyaviridae), 65% of Aedes hendersoni had infected salivary glands but only 5% transmitted the virus (35). Similarly, with the Tenuivirus MStV, of 31 P. maidis individuals with infected salivary glands as indicated by enzyme-linked immunosorbent assay, 24 insects failed to transmit the virus to host plants (64) .
The ability of rhabdoviruses to bud from plasma membranes, rather than the endoplasmic reticulum or nuclear membranes of the insect salivary gland cells, is likely important for overcoming the salivary gland escape barrier. In most tissues of P. maidis, MMV virions bud mainly through nuclear membranes and accumulate in the perinuclear space and in dilated cisternae in the cytoplasm (7) as they do in plant cells (Figure 1a,b) . However, in secretory cells of the principal salivary gland, MMV virions bud mainly through the plasma membranes and accumulate in intercellular and extracellular spaces (Figure 1f ). These spaces are apparently connected with secretory vesicles and eventually with the salivary ducts (2, 7). A similar difference in the budding sites of RV in the fox brain and salivary gland cells has been reported, and plasma membrane budding in salivary gland cells is considered essential for bite transmission of this virus (61) .
Other possible mechanisms that may account for a salivary gland escape barrier are that too little virus is produced in the salivary glands or secreted during the feeding process to infect the host (35), or that virus may be inactivated by salivary secretions of the vector. The possible role(s) of chemical and physiological conditions of the salivary secretions in enhancing or obstructing plant virus transmission by insect vectors remains largely uninvestigated. Inhibitory effects of the salivary secretions of aphids on some aphid-nontransmissible viruses, including TMV, Potato virus X, and Turnip mosaic virus, have been reviewed by Nishi (65) . Conversely, the vector's salivary secretions may aid virus transmission by the vector or virus infection of plants. For example, Will et al. (102) reported that aphid saliva has the ability to prevent sieve tube plugging in plant hosts during feeding, which is likely to result in a more efficient acquisition and inoculation of phloemlimited viruses by insect vectors. With tickborne viruses, saliva-activated transmission has been demonstrated by enhanced transmission of infectivity when the pathogen plus salivary gland extract is injected into a vertebrate host, compared with the level of infectivity when the pathogen alone is injected (67) . Similarly, with VSV, treatment of mouse fibroblast cells with mosquito salivary gland homogenates resulted in a significant increase in virus growth kinetics compared with untreated controls. On the basis of these and other results, Limesand et al. (54) suggested that modulation of interferon (antiviral factor) by mosquito saliva may be a critical determinant of the transmission and pathogenesis of VSV. Future investigations should reveal whether insect salivary gland proteins also aid or hinder plant rhabdovirus infection of plant or insect hosts.
MOLECULAR DETERMINANTS OF VIRUS-INSECT HOST SPECIFICITY The Role of Viral Glycoproteins
Viral G proteins play an important role in virus entry into host cells, assembly of virions, and escape from host cells. Viruses use conserved pathways to enter host cells, and virus entry generally requires the interaction between a viral G protein and a receptor displayed on the surface of the host cell. Rhabdovirus entry is mediated by the sole surface G protein, and the steps in this process are well defined for vertebrate-infecting rhabdoviruses (56) . The G protein functions as the viral attachment protein by binding to a cellular receptor, and the viral fusion protein functions by initiating fusion between the viral and host membrane. The G protein is a determinant of host specificity and virulence (31, 49, 56, 69 
Rhabdovirus G proteins are integral membrane proteins and they generally have a transmembrane domain composed of approximately 20 hydrophobic amino acids, an N-terminal signal sequence, and N-and/or O-linked glycans. Rhabdovirus G proteins oligomerize into homotrimers and this is the form that interacts with cellular receptors (87) . The crystal structure of the low-pH and prefusion forms of VSV G protein has been resolved and has revealed that rhabdovirus G proteins represent a new class of fusion proteins (75, 76) . Viruses in the families Rhabdoviridae and Herpesviridae encode G proteins categorized as Class III fusion proteins and they share similar conformational features (75) . Viral fusion proteins contain hydrophobic regions, named fusion domains, that insert into host membranes and initiate the merging of virus and host lipid bilayers. The rhabdovirus G protein fusion domain is bipartite and is composed of two noncontiguous loops (75) . The functional importance of the fusion loop in membrane fusion has been confirmed by mutational analysis, and the loop is conserved between divergent rhabdoviruses (88) . The G protein can assume three different states: the native state on the viral surface at neutral pH, the activated hydrophobic state, and the inactive postfusion conformation. Rhabdovirus G proteins are unique because the conformational changes that occur at low pH are reversible even after interaction with the host membrane (31, 56). The resolution of the VSV G protein structure will enable comparative analysis of nucleorhabdovirus and cytorhabdovirus G protein structure and function relationships.
Rhabdovirus Receptors
The receptors for vertebrate-infecting rhabdoviruses have been identified and receptor usage varies with virus and tissue. Both RV and VSV bind to receptors that are widely distributed among many cell types (56) . It has been suggested that RV and VSV bind negatively charged lipids, and evidence indicates that highly sialylated gangliosides are part of the cellular membrane receptor structures for the attachment of infective RV (89). However, it is possible that cell surface molecules such as G proteins or glycolipids also participate as components of a receptor structure for RV. Phosphatidylserine has been implicated as a receptor for VSV and the ubiquitous distribution of this molecule partially explains the large tissue tropism of VSV (31). In contrast, RV is a strict neuropathogen in vivo but has an extensive range in vitro, infecting mammalian and avian cell types. Several proteins found on the surface of neurons have been implicated as possible RV receptors including the nicotinic acetylcholine receptor, neural cell adhesion molecule (CD56), and the low-affinity nerve growth factor receptor p75 NTR . Studies of rhabdovirus entry have focused on vertebrate cells, but entry into insect vectors is not extensively studied. Because plant-infecting rhabdoviruses infect a diverse array of insect tissues (i.e., epithelial cells and neurons), it is likely that a ubiquitous molecule or more than one molecule can function as the virus receptor. That VSV can replicate in the planthopper P. maidis, vector of MMV, after microinjection (50) suggests that at least some of the host requirements for these divergent viruses are similar.
Molecular Analysis of Insect Barriers to Infection
The insect midgut and salivary glands are important barriers to the acquisition and transmission of plant and animal rhabdoviruses (3, 6, 8, 35) . This may be due to the absence of virus receptors, the inability of the virus to replicate in the midgut or salivary glands, or the antiviral innate defense responses. In other insect-microbe interactions, a substantial number of genes are differentially regulated upon pathogen invasion of midguts, including immune-response genes; insect epithelia serve as physical and functional barriers to pathogens; and insects mount a strong immune response against microorganisms (94, 97). Furthermore, it is possible that host microRNAs (miRNAs) play a role in rhabdovirus-host interactions as has been shown for VSV in mice (68) . Although these areas of research are relatively unexplored for plant rhabdoviruses, the availability of relatively new model systems, including MMV with the planthopper P. maidis, MFSV with the leafhopper vector Graminella nigrifrons, and SiV with Drosophila, will enable scientists to determine the nature of the infection barriers and define the viral and vector components involved in these interactions (38, 72, 73, 95, 96) . The development of recombinant forms of MMV and MFSV G proteins will enable studies that examine the specificity of G protein binding to vectors (100). The advent of new genomic information, particularly for P. maidis (80), will enable comparative studies between SiV-infected Drosophila and MMV-infected P. maidis as well as the identification of conserved and unique features of the infection cycle of these two rhabdoviruses in their hosts.
NEUROTROPISM AND PATHOGENESIS IN INSECT HOSTS
Plant-and vertebrate-infecting rhabdoviruses appear to be primarily neurotropic in their insect hosts, although they can invade many other tissues of their vectors (7, 23, 32) . In addition to MMV neurotropism in its planthopper vector (6), another nucleorhabdovirus, MFSV, was recently found to be neurotropic in its leafhopper vector G. nigrifrons (Figure 2f,g ). SiV also infects the nervous system in addition to several other tissues of Drosophila flies (93) (Figure 2h ). Viral infection of neural cells is an important determinant of RV pathogenesis in animals. For infection of neuronal cells by RV, interaction of the host dynein light chain (LC8) and the P protein of RV appears to be required (92) . Indeed, deletion of the LC8 binding region of P has a significant negative effect on de novo transcription of viral genes in neuronal cells (92) . Because LC8 is conserved among vertebrate and VSV: Vesicular stomatitis virus invertebrate animals (11), the LC8-P interaction may also be important for rhabdovirus infection of insect neuronal cells.
Plant rhabdoviruses apparently multiply at a much lower rate in insect cells than in plant cells. Whereas large accumulations of virions of MMV, MIMV, and MFSV, sometimes packed into paracrystalline arrays, were found in almost all maize leaf cell types (Figure 1a and Figure 2a) (5, 58, 72) , much smaller accumulations of MMV virions, and no paracrystalline arrays, were observed in cells of the insect vector (7) (Figure 1a,b,e, f ) . Furthermore, in spite of the systemic infection of MMV in its vector, no major cytopathological effects on neural or other tissues have been detected, and no marked differences in longevity or egg production have been observed in MMV-infected P. maidis (7, 8) . Similarly, no marked effects on the longevity or reproduction of aphids orally infected with several rhabdoviruses have been reported, although some harmful effects may occur in virus-injected or transovarially infected aphids (91) . However, infection of the nervous system may have less detectable effects in these vectors, for example, on the feeding or other behavioral aspects that have not been thoroughly studied so far.
With propagative plant and animal viruses, modulating factors appear to be involved in limiting the replication and pathogenic effects of such viruses on their vectors, in contrast to their much more severe effect on their plant or vertebrate hosts (3, 8, 35 ). The noncytopathic persistent infection of VSV in insect cells was studied and compared with VSV-infected Drosophila and mammalian cells. Host cell control on the maturation and synthesis of VSV G protein in Drosophila cells caused a low virus production rate that was required for maintaining a carrier (persistent) state in insect cells. Frequent abortion of the replication step of VSV in Drosophila cells also ensured the low virus titer in a carrier state. It is possible that defective interfering (DI) particles limit rhabdovirus replication. DI particles are subgenomic deletion mutants that lack parts of the viral genome and are common in animal rhabdovirus infections, including
DCV: Drosophila C virus

DXV: Drosophila X virus
arbovirus infections of mosquito cells (35). DI particles have been reported in plant hosts of PYDV and SYNV and are likely involved in the recovery during chronic stages of virus infection in plants (19). DI particles of plant rhabdoviruses may also limit replication in insect vectors. Furthermore, the insect hosts are probably capable of mounting an effective immune response to rhabdovirus infection, evidence for which is provided by studies on SiV-Drosophila interactions (95) .
INTERACTION BETWEEN SIGMA VIRUS AND DROSOPHILA
The Drosophila-infecting rhabdovirus SiV occurs naturally in several Drosophila species and is maintained in fly populations through vertical transmission via germ cells (28, 103). In France, 10%-20% of natural Drosophila populations are infected with SiV (28). Similar SiV infection rates in wild-caught D. athabasca and D. affinis were reported in the United States (103) . In wild Drosophila populations, SiV infection does not appear to affect the fertility, longevity, or sexual selection of D. melanogaster, but SiV-infected flies that are maintained in the laboratory have reduced egg viability and slightly lower overwintering fitness (27). SiV strains selected for high replication rates adversely affected the fertility and egg viability of Drosophila under laboratory conditions (84, 85) .
SiV-infected flies are sensitive to CO 2 and the expression of CO 2 sensitivity is correlated with SiV titer in flies (85, 93) . After CO 2 anesthetization, the SiV-infected flies remain irreversibly paralyzed and eventually die, whereas uninfected flies paralyzed by exposure to CO 2 recover their motility shortly following their return to fresh air (12, 93) . This lethal dose of CO 2 is seldom encountered in nature (93). The CO 2 sensitivity was also observed when Drosophila flies were injected with various vesiculoviruses (93), and temporary CO 2 sensitivity was reported in aphid vectors infected with some plant rhabdoviruses (91) . Sensitivity of the SiV-infected flies to CO 2 has been correlated with replication of the virus in the thoracic ganglia (13) . SiV infects almost all Drosophila tissues (Figure 2h ) especially nervous tissue including the brain and other nerve ganglia (93, 95).
At least six polymorphic genes confer resistance to SiV infection in natural populations of D. melanogaster (93). Among these, ref (2)P, which is necessary for male fertility (18) , is the best-characterized gene. The Ref(2)P protein shares a conformation-dependent epitope with the SiV N protein and forms a complex with the viral P protein (104) . This complex formation with the P protein is probably one of the mechanisms by which ref (2) P renders resistance to SiV infection, as the P protein is essential for rhabdovirus replication. Recently, Carré-Mlouka et al. (14) reported that resistant genotypes to SiV have three amino acid replacements (Q28N29 by G, I32 by V, and Q43 by L) in the Phox and Bem 1 (PB1) domain compared with a permissive counterpart. However, the Drosophila-fertility-related function of Ref (2)P is not located in the PB1 domain (14) .
Drosophila immune responses to various bacterial and fungal pathogens are well characterized at the molecular level (52) , but the elucidation of Drosophila immune responses to virus infections began relatively recently (22, 99, 106). Tsai et al. (95) analyzed the expression of D. melanogaster immunity genes in SiVinfected versus healthy flies using real-time reverse transcriptase PCR and compared these expression data with the immune responses of Drosophila infected with Drosophila C virus (DCV) (22) and Drosophila X virus (DXV) (106). The comparison showed upregulation of different peptidoglycan recognition and antimicrobial peptide genes in SiV-infected versus DCV-and DXV-infected flies, in which the Drosophila responses to DCV and DXV infections appear to be more similar to each other than to the Drosophila response to SiV infection (95) . Thus, the Drosophila immune system has the ability to recognize diverse viruses. This is perhaps expected as SiV differs from DCV and DXV in its mode of transmission, morphology, tissue tropism, and virulence (28, 93, 106). SiV particles are bound by a lipid envelope with transmembrane G protein spikes (93), whereas DCV and DXV are nonenveloped viruses. It has been proposed that the peptidoglycan recognition proteins of flies recognize, bind, and catalytically cleave specific surface components of pathogens, thereby inducing different immune signaling cascades (81) , providing an explanation for the differential gene expression in SiV-versus DCV/DXV-infected flies. For the expression level of antimicrobial peptide genes, the SiV infection appears to be most similar to that of Drosophila infected with gram-negative bacteria, as both induce Diptericin, Attacin, Cecropin and Drosocin, but not Drosomycin and Metchnikowin (42, 95) .
It is apparent that Drosophila use various strategies to limit SiV infection. Because high SiV titers have negative effects on Drosophila fitness, these strategies appear to be crucial for assuring Drosophila survival. The SiV-D. melanogaster interaction has become a good model system for investigating the molecular aspects of rhabdovirus pathogenesis (68, 105) as well as for increasing our understanding of plant rhabdovirus interactions with their insect vectors.
MOLECULAR INTERACTIONS WITH PLANT HOSTS
Interactions between the plant host and virus can lead to virus susceptibility or virus resistance. As in animals, the obligate parasitic nature of viruses requires interactions of viral RNAs and proteins with plant proteins for virus protein synthesis, genome replication, virion assembly, and virus movement between cells and organs. There are also molecular interactions that occur between the virus and plant host that can lead to virus resistance that are analogous to interactions that occur in D. melanogaster for resistance to SiV (93).
Plant Responses to Rhabdovirus Infection
Given the complex set of interactions that occur between virus and plant host, it is not surprising that specific changes in gene expression can be detected in Nicotiana benthamiana plants inoculated with SYNV (86) . Microarray analyses of plants challenged with viruses indicate common upregulation of plant defense and stress response genes and genes involved in hormone responses and development (101) . In a comparative study of plants inoculated with the tospovirus Impatiens necrotic spot virus and SYNV, approximately 25 genes were specifically induced in the SYNV-inoculated plants, including some involved in defense, protein targeting, and signaling pathways (86) . Although these results are intriguing, further research is needed to tie changes in gene expression to specific infection process events and to determine whether these responses are unique to the N. benthamiana-SYNV system or whether they are common responses of plant hosts to rhabdoviruses.
Subcellular Localization of and Interactions among Rhabdoviral Proteins
Interactions among rhabdoviral proteins are likely required for virus replication and morphogenesis. For example, the N, P, and L proteins were proposed to interact to form the replicase complex in the plant cell nucleus (98) . Formation of the N-P-L complex and the process of nucleorhabdovirus maturation require that viral proteins and RNAs move between the cytoplasm and the nucleus. Nucleorhabdoviral proteins do accumulate in specific subnuclear localizations that depend on the protein and the context in which the protein is expressed (33, 44, 96) . In SYNV-infected plants, the SYNV G protein is localized in the periphery of the nucleus (57) . The SYNV and MFSV N and M proteins have nuclear localization signals that are sufficient to direct fluorescent fusion proteins to the nucleus in virus-free N. benthamiana (96) . The N protein interacts with the P protein in a yeast two-hybrid system, and coexpression of the two proteins results in a punctate subnuclear or nucleolar localization of the two proteins (44, 96) . Fluorescent fusion proteins for SYNV N, P, M, and G have substantially different subnuclear localizations in SYNV-infected plants than in virus-free plants (33). Virus infection also induces formation of nuclear membranes that are contiguous to the endoplasmic reticulum (33, 34). The localization of SYNV proteins relative to these membranes suggests that viral replication and morphogenesis within the nucleus are spatially separated (33).
Movement/Silencing Suppression and Host Resistance
Proteins that facilitate cell-to-cell and systemic movement have been identified for many plant viruses (59) . Because virus movement is fundamentally different in plants and animals and because all known plant rhabdoviruses encode more than the five core proteins present in VSV, these additional genes/proteins are thought to be involved with virus movement or silencing suppression (38, 44) .
In contrast to movement by receptormediated endocytosis that occurs for viruses in animal systems, plant viruses move between plant cells via the symplast, the continuous protoplasm connecting plant cells through plasmodesmata. Plant viruses encode one or more movement proteins. These proteins function by enlarging the size exclusion limit of plasmodesmata and/or by participating in the tubuleguided movement of viruses through highly modified plasmodesmata (51) . The SYNV sc4, LYNV 4b, RYSV 3, and Taro vein chlorosis virus (TaVCV) 3 proteins have homology to wellcharacterized movement proteins and occupy homologous positions in their respective viral genomes (Supplemental Figure 2) (20, 40, 41, 74) . Localization of a sc4-green fluorescent protein in plant cells and complementation experiments with the homologous RYSV 3 in movement-deficient potexvirus indicate that these are movement proteins (40, 44) . Furthermore the RYSV 3 protein interacts with the N protein, which suggests that the virus moves as a movement protein-nucleocapsid complex in plants (40).
Plant rhabdoviruses are also likely to encode proteins that suppress the plant defense response known as virus-induced gene silencing (82) . This triggers the sequencespecific degradation of viral RNA transcripts and genomes and spreads systemically throughout the plant in response to localized virus infection. Nearly all plant viruses have evolved counter-defensive proteins known as silencing suppressors. Many viral silencing suppressors were previously shown to be important for systemic or long-distance virus movement in the plant (44) . Transient expression of SYNV P protein released green fluorescent protein silencing in N. benthamiana (44) , suggesting that this protein is a silencing suppressor. This result is somewhat surprising, as the P protein is a core protein found in all rhabdoviruses. Silencing suppressors in animal-infecting viruses have been identified (53) . Pathogen-derived resistance, in which expression of viral transgenes triggers virus-induced gene silencing, has been demonstrated for a number of viruses and in a wide range of plant hosts, and rice plants expressing the RYSV RNAs were resistant to virus infection (26).
The use of genetically resistant plants is considered the most economically and environmentally sustainable approach for virus disease control in crops (47) . Resistance to several plant-infecting rhabdoviruses, including those infecting wheat, maize, and raspberry, has been described (46, 60, 70, 72) . MMV causes disease in tropical and subtropical areas worldwide, and a major quantitative trait locus for MMV resistance, Mv1, was identified (60).
PERSPECTIVES AND FUTURE ISSUES
Numerous studies indicate that plant-and vertebrate-infecting rhabdoviruses have several biological characteristics in common, including similar genome organization aside from an extra gene(s) between the P and M genes in plant rhabdovirus genomes that are required for cell-to-cell movement in plants but not for invasion of insect hosts. Similar to RV and VSV, plant rhabdoviruses can replicate in animal (insect) nerve cells. MMV appears to use its insect vector nervous system for reaching the salivary glands, as does RV in humans and animals. Proteins of vertebrate and invertebrate nerve cells are frequently conserved. These include receptors and other proteins involved in rhabdovirus invasion. Examples are acetylcholine receptors and LC8. The conservation of these genes in vertebrate and invertebrate animals and their documented role in rhabdovirus infection suggest that they may also be involved in rhabdovirus neurotropism in insects. Important tools that have become available include the SiV-Drosophila system; EST sequence data for P. maidis; soluble, recombinant forms of plant rhabdovirus G proteins; and development of RNA interference (RNAi) tools for hemipteran insect hosts. These tools will facilitate more in-depth studies on plant rhabdovirus-vector interaction, including the role of receptor molecules in vector/host speci-RNA interference (RNAi): a mechanism triggered by double-stranded RNA that inhibits gene expression or degrades viral RNA ficity. Finally, further research is needed on the possible roles of chemical and physiological conditions in the hemolymph and of salivary secretions on enhancing or obstructing virus transmission by insect vectors.
SUMMARY POINTS
1. There are more than 160 viral species in the family Rhabdoviridae, many of which pose a threat to human, animal, or plant health. At least 90 rhabdoviruses infect monocotyledonous or dicotyledonous plants.
2. Plant rhabdoviruses require hemipteran insect or mite vectors for their transmission and spread in nature, and they are transmitted in a persistent propagative mode by these vectors.
3. Most plant rhabdoviruses are transmitted by one or a few related vector species. This vector specificity is due at least partly to the existence of midgut infection and escape barriers as well as salivary gland infection and escape barriers in the arthropod vectors. In addition, the ability of the virus to escape from and minimize induction of the insect host immune system may play a role.
4. Plant rhabdoviruses can infect the nervous system of their insect hosts. A neurotropic route for MMV from the midgut to the salivary glands of the planthopper vector P. maidis has been postulated. Other possible routes for propagative plant and animal rhabdoviruses in their vectors may be through the hemolymph and/or tracheal and muscle tissues. 
